Introduction
Over the past 50 years, it has been known that there are liquids that respond mechanically to electrical stimulation. These liquids, which have attracted a great deal of interest from engineers and scientists, change their viscosity electroactively. These electrorheological fluids (ERF) exhibit a rapid, reversible, and tunable transition from a fluid state to a solid-like state upon the application of an external electric field [Phule and Ginder, 1998 ]. Some of the advantages of ERFs are their high-yield stress, low-current density, and fast response (less than 1 ms). ERFs can apply very high electrically controlled resistive forces while their size (weight and geometric parameters) can be very small. Their long life and ability to function in a wide temperature range (as much as -40°C to +200°C) allows for the possibility of their use in distant and extreme environments. ERFs are also nonabrasive, nontoxic, and nonpolluting, meeting health and safety regulations. ERFs can be combined with other actuator types such as electromagnetic, pneumatic, or electrochemical actuators so that novel, hybrid actuators are produced with high-power density and low-energy requirements. The electrically controlled rheological properties of ERFs can be beneficial to a wide range of technologies requiring damping or resistive force generation. Examples of such applications are active vibration suppression and motion control. Several commercial applications have been explored, mostly in the automotive industry, such as ERF-based engine mounts, shock absorbers, clutches and seat dampers. Other applications include variable-resistance exercise equipment, earthquake-resistant tall structures, and positioning devices [Phule and Ginder, 1998 ].
While ERFs have fascinated scientists, engineers, and inventors for nearly 50 years, and have given inspiration for developing ingenious machines and mechanisms, their applications in real-life problems and the commercialization of ERF-based devices has been very limited. There are several reasons for this. Due to the complexity and nonlinearities of their behavior, their closed-loop control is a difficult problem to solve. In addition, the need for high voltage to control ERF-based devices creates safety concerns for human operators, especially when ERFs are used in devices that will be in contact with humans. Their relatively high cost and the lack of a large variety of commercially available ERFs with different properties to satisfy various design specifications have made the commercialization of ERF-based devices unprofitable. However, research on ERFs continues intensively and new ERF-based devices are being proposed [Tao, 1999] . This gives rise to new technologies that can benefit from ERFs. One such new technological area which will be described in detail here is virtual reality and telepresence, enhanced with haptic (i.e. tactile and force) feedback systems, and for use in medical applications, for example.
In this chapter, we first present a review of ERF fundamentals. Then, we discuss the engineering applications of ERFs and, more specifically, their application in haptics. We describe in detail a novel ERF-based haptic system called MEMICA (remote mechanical mirroring using controlled stiffness and actuators) that was recently conceived by researchers at Rutgers University and the Jet Propulsion Laboratory [Bar-Cohen et al., 2000a] . MEMICA is intended to provide human operators an intuitive and interactive feeling of the stiffness and forces in remote or virtual sites in support of space, medical, underwater, virtual reality, military, and field robots performing dexterous manipulation operations. MEMICA is currently being used in a system to perform virtual telesurgeries as shown in Fig. 1 [Bar-Cohen et al., 2000b] . The key aspects of the MEMICA system are miniature electrically controlled stiffness (ECS) elements and electrically controlled force and stiffness (ECFS) actuators that mirror the stiffness and forces at remote/virtual sites. The ECS elements and ECFS actuators, which make use of ERFs, are integrated on an instrumented glove. Forces applied at the robot end-effector will be reflected to the user using this ERF device where a change in the system viscosity will occur proportionally to the force to be transmitted. This chapter, as a case study on the design of ERFbased devices, describes the design, analytical modeling, and experiments that are currently underway to develop such ERF-based force feedback elements and actuators. 
Electrorheological Fluids
Electrorheological fluids are fluids that experience dramatic changes in rheological properties, such as viscosity, in the presence of an electric field. Winslow first explained the effect in the 1940s using oil dispersions of fine powders [1949] . The fluids are made from suspensions of an insulating base fluid and particles on the order of 0.10 to 100 µm in size. The volume fraction of the particles is between 20% and 60%. The electrorheological effect, sometimes called the Winslow effect, is thought to arise from the difference in the dielectric constants of the fluid and particles. In the presence of an electric field, the particles, due to an induced dipole moment, will form chains along the field lines, as shown in Fig. 2 . The structure induces changes to the ERF's viscosity, yield stress, and other properties, allowing the ERF to change consistency from that of a liquid to something that is viscoelastic, such as a gel, with response times to changes in electric fields on the order of milliseconds. Figure 3 shows the fluid state of an ERF without an applied electric field and the solid-like state (i.e. when an electric field is applied). Good reviews of the ERF phenomenon and the theoretical basis for ERF behavior can be found in Block and Kelly [1988] , Gast and Zukoski [1989] , Weiss et al. [1994] , and Conrad [1998] . Under the influence of an electric field, the ERF alters its state from a Newtonian oil to a non-Newtonian Bingham plastic. As a Bingham plastic, the ERF exhibits a linear relationship between stress and strain rate like a Newtonian fluid, only after a minimum required yield stress is exceeded. Before that point, it behaves as a solid. At stresses higher than this minimum yield stress, the fluid will flow, and the shear stress will continue to increase proportionally with the shear strain rate (see Fig. 4 ), so that:
where τ is the shear stress, τ y is the yield stress, µ is the dynamic viscosity, and γ is the shear strain. The dot over the shear strain indicates its time derivative, the shear rate. An interesting phenomenon that has been observed by many researchers is that the dynamic viscosity becomes negative at high fields (see Fig. 4 ). This phenomenon can be explained by assuming that fewer, or weaker, bonds are formed at higher shear rates, thus giving a smaller total yield stress and the effect of negative dynamic viscosity [ER Fluids Developments Ltd., 1998 ]. Both the yield stress τ y and the dynamic viscosity µ are two of the most important parameters that affect the design of ERF-based devices. The dynamic viscosity µ is mostly determined by the base fluid and the electric field. The field induced yield stress τ y depends on the electric field strength. For this dependence, some theoretical models have been derived but neither one is yet able to reflect these relations properly. As a rule of thumb, one can assume that the yield stress increases quadratically with the electric field strength [Lampe, 1997] .
There are two important values for the yield stress: the static yield stress τ y,s and the dynamic yield stress τ y,d . The static yield stress is defined as the value of stress needed to initiate flow, i.e., the stress needed to change from solid to liquid. The dynamic yield stress is the value of stress needed in zero-strain rate conditions to go from a liquid to solid. Which one is larger is different from fluid to fluid. Most of the time, the static yield stress is higher than the dynamic yield stress. This phenomenon, called "stiction," is highly dependent on the particle size and shape . Another important parameter that needs to be known for ERFs is the current density J, defined as the current per unit electrode area. This parameter is needed to estimate the power consumption of ERF-based devices. Measurement of electric current through ERF materials is believed to be the result of charge leakage between particles .
ERF properties change with temperature and this can have a tremendous effect on the performance of ERF-based devices. "Good" ERFs should show constant properties over a large range of temperatures. There is no unified model describing the temperature dependence of the parameters of ERFs. This temperature dependence changes from fluid to fluid. The biggest temperature problem for ERFs results from the huge increase of current density with increasing temperatures. This increases power consumption but also increases safety concerns for human operators of ERF devices.
A good database of commercially available ERFs, including property comparison tables, can be found in Lampe [1997] . A review of the material compositions for ERF patents can be found in Weiss et al. [1994] . As an example of ERFs we present here the electrorheological fluid LID 3354, manufactured by ER Fluids Developments Ltd. [ER Fluids Developments Ltd, 1998 ] which is used in the work presented in the next sections.
LID 3354 is an electrorheological fluid made of a 35% volume of polymer particles in fluorosilicone base oil. It is designed for use as a general-purpose ER fluid with an optimal balance of critical properties. Its physical properties are density: 1.46 × 10 3 kg/m 3 ; viscosity: 125 mPa sec at 30°C; boiling point: > 200°C; flash point: >150°C; insoluble in water; freezing point: < 20°C. The field dependencies for this particular ERF are Control over a fluid's rheological properties offers the promise of many possibilities in engineering for actuation and control of mechanical motion. Devices that rely on hydraulics can benefit from ERF's quick response times and reduction in device complexity. Their solid-like properties in the presence of a field can be used to transmit forces over a large range, and they have a large number of other applications. A good description of the engineering applications of ERFs can be found in Duclos et al. [1992] and Coulter et al. [1994] . Devices designed to utilize ERFs include engine mounts [Sproston et al., 1994] , active Field, kV/mm Plastic viscosity, mPa.sec dampers and vibration suppression [Choi, 1999] , clutches [Bullough et al., 1993] , brakes [Seed et al., 1986] , and valves ]. An important engineering application of ERFs is vibration control; a good review of the subject can be found in Stanway et al. [1996] . The application of ERFs in robotics has been very limited. They have been used mainly as active dampers for vibration suppression [Ghandi et al., 1987; Furusho et al., 1997] . Recently, an ERF-based safety-oriented mechanism has been proposed for human-robot cooperative systems [Arai et al., 1998 ].
Haptic Interfaces and Electrorheological Fluids
To address the need for interacting with remote and virtual worlds, the engineering community has started developing haptic (tactile and force) feedback systems [Burdea, 1996] . At the present time, haptic feedback is a less-developed modality for interacting with remote and virtual worlds compared with visual and auditory feedback. Thus, realism especially suffers when remote and virtual tasks involve dexterous manipulation or interaction in visually occluded scenes. A very good description of the current state of the art in haptic and force feedback systems can be found in Burdea [1996] and Bar-Cohen et al. [2000c] . Tactile sensing is created by skin excitation that is usually produced by devices known as "tactile displays." These skin excitations generate the sensation of contact. Force-sensitive resistors, miniature pressure transducers, ultrasonic force sensors, piezolectric sensors, vibrotactile arrays, thermal displays, and electrorheological devices are some of the innovative technologies that have been used to generate the sensation of touch. While tactile feedback can be conveyed by the mechanical smoothness and slippage of a remote object, it cannot produce rigidity of motion. Thus, tactile feedback alone cannot convey the mechanical compliance, weight, or inertia of the virtual object being manipulated [Burdea, 1996] .
Force-feedback devices are designed to apply forces or moments at specific points on the body of a human operator. The applied force or moment is equal or proportional to a force or moment generated in a remote or virtual environment. Thus, the human operator physically interacts with a computer system that emulates a virtual or remote environment. Force-feedback devices include portable and nonportable interfaces. Force-feedback joysticks, mice [Immersion Corp., 1999; Haptic Technologies, 1999] , and small robotic arms such as the Phantom [Sensable Technologies, 1999] are nonportable devices that allow users to feel the geometry, hardness, and/or weight of virtual objects.
Portable systems are force-feedback devices that are grounded to the human body. They are distinguished as arm-exoskeletons if they apply forces at the human arm and as hand masters if they apply forces at a human's wrist and/or palm. Portable hand masters are haptic interfaces that apply forces to the human hand while they are attached at the human operator forearm. In most cases, these systems look like gloves where the actuators are placed at the human forearm, and forces are transmitted to the fingers using cables, tendons and pulleys. The CyberGrasp is an example of such a system. It is a lightweight, force-reflecting exoskeleton glove that fits over a CyberGlove and adds resistive force feedback to each finger via a network of tendons routed around an exoskeleton [Virtual Technologies, 1999] . The actuators are high-quality dc motors located in a small enclosure on the desktop. The remote reaction forces can be emulated very well; however, it is difficult to reproduce the feeling of "remote stiffness."
To date, there are no effective commercial unencumbering haptic feedback devices for the human hand. Current hand master haptic systems, while they are able to reproduce the feeling of rigid objects, present great difficulties in emulating the feeling of remote/virtual stiffness. In addition, they tend to be heavy and cumbersome with low bandwidth, and they usually allow limited operator workspace.
During the last 10 years, some researchers have proposed the use of ERFs in an effort to improve the performance of haptic interfaces. There are many properties of ERFs that can greatly improve the design of haptic devices. Their high-yield stress, combined with their small sizes, can result in miniature haptic devices that can fit easily inside the human palm without creating any obstructions to human motion. ERFs do not require any transmission elements to produce high forces, so direct-drive systems can be produced with less weight and inertia. The possibility of controlling the fluids' rheological properties gives designers of ERF-based haptic system the possibility of controlling the system compliance, and hence, mirror accurately remote or virtual compliance. Finally, ERFs respond almost instantly-in milliseconds-which can permit very high bandwidth control important for mirroring fast motions. The only concern that a designer of ERF-based haptic interfaces may have is the need for high voltages to develop the forces and compliance required. This has two consequences: (a) it increases the complexity of the electronic system needed to develop the high voltage and (b) it raises safety concerns for the human operator. Both issues can be solved easily with modern electronic circuit design techniques. Nowadays, low-power, small-size circuits can be used to generate the required high voltage using a very low current on the order of micro-amps. Consequently, the required power becomes extremely low-in the order of milliwatts-posing no hazard for human operators.
Kenaley and Cutkosky were the first to propose the use of ERFs for tactile sensing in robotic fingers [1989] . Based on that work, several workers proposed the use of ERFs in tactile arrays to interact with virtual environments [Wood, 1998 ] and also as assistive devices for the blind to read the Braille system. The first to propose this application of ERFs was Monkman [1992] . Continuing this work, Professor and his group at the University of Hull, UK, developed and tested experimentally a 5 × 5 ERF tactile array [Taylor et al., 1996] . Furusho and his group at Osaka University in Japan developed an ERF-based planar forcefeedback manipulator system that interacts with a virtual environment [Sakaguchi and Furusho, 1998 ]. This system is actuated by low-inertia motors equipped with an ER clutch. An ERF-based force-feedback joystick has been developed at the Fraunhofer-Institute in Germany. The joystick consists of a ball and socket joint where ERF has been placed in the space between the ball and the socket. The operator feels a resistive force to his/her motion resulting from the controlled viscosity of the ERF [Böse et al., 2000] .
Finally, researchers at Rutgers University and JPL are developing an ERFbased force-feedback glove called MEMICA [Bar-Cohen et al., 2000; Mavroidis et al., 2000; Pfeiffer et al., 1999 ]. This system is described in detail in the next section of this chapter.
Memica Haptic Glove
This section presents the development of a haptic interfacing mechanism that will enable a remote operator to "feel" the stiffness and forces at remote or virtual sites. These interfaces are based on novel mechanisms that were conceived by JPL and Rutgers University investigators, in a system called MEMICA [BarCohen et al., 2000; Mavroidis et al., 2000; Pfeiffer et al., 1999] . The key aspects of the MEMICA system are miniature ECS elements and ECFS actuators that mirror the forces and stiffness at remote/virtual sites. The ECS elements and ECFS actuators that make use of ERFs to achieve this feeling of remote/virtual forces are placed at selected locations on an instrumented glove to mirror the forces of resistance at the corresponding locations in the robot hand. In this section, the mechanical design of the ECS elements and of the ECFS actuators and their integration on the MEMICA glove are presented.
Electrically Controlled Stiffness Elements
The ECS element stiffness is modified electrically by controlling the flow of an ERF through slots on the side of a piston (Fig. 6) . The ECS element consists of a piston that is designed to move inside a sealed cylinder filled with ERF. The rate of flow is controlled electrically by electrodes facing the flowing ERF while inside the channel. To control the "stiffness" of the ECS element, a voltage is applied between electrodes facing the slot, affecting the ability of the liquid to flow. Thus, the slot serves as a liquid valve since the increased viscosity decreases the flow rate of the ERF and varies the stiffness that is felt. To increase the stiffness bandwidth from free flow to maximum viscosity, multiple slots are made along the piston surface. To wire such a piston to a power source, the piston and its shaft are made hollow and electric wires are connected to electrode plates mounted on the side of the slots. The inside surface of the ECS cylinder surrounding the piston is made of a metallic surface and serves as the ground and opposite polarity. A sleeve covers the piston shaft to protect it from dust, jamming or obstruction. When a voltage is applied, potential is developed through the ERF along the piston channels, altering its viscosity. As a result of the increase in the ERF viscosity, the flow is slowed significantly and resistance to external axial forces increases. Section 19.5 presents the dynamic modeling equations for such an ECS element. Section 19.6 presents a parametric study of the design of the ECS element while Sec. 19.7 presents experimental results obtained from a large-scale prototype of an ECS element.
Electrically Controlled Force and Stiffness (ECFS) Actuator
To produce complete emulation of a mechanical "tele-feeling" system, it is essential to use actuators in addition to the ECS elements in order to simulate remote reaction forces. Such a haptic mechanism needs to provide both active and resistive actuation. The active actuator can mirror the forces at the virtual/remote site by pulling the finger or other limbs backward. The main objective of this section is to present a small linear actuator that utilizes the ECS concept developed in Sec. 19.4.1. This actuator operates as an inchworm motor (as shown in Fig. 7 ) and consists of active and passive elements, i.e., two brakes and an expander, respectively. One brake locks the motor position onto a shaft and the expander advances (stretches) the motor forward. While the motor is stretched forward, the other brake clamps down on the shaft and the first brake is released. The process is repeated as necessary, inching forward (or backward) as an inchworm does in nature. Using the controllability of the resistive aspect of the ERF, a brake can be formed to support the proposed inchworm. A schematic description of the ECFS actuator is shown in Fig. 8 . The actuator consists of two pistons (brake elements) and two electromagnetic cylinders (pusher elements). Similar to ECS, each piston has several small channels with a fixed electrode plate. When an electric field is induced between the piston anode and cylinder cathode, the viscosity of the ERF increases and the flow rate of the fluid though the piston channel decreases, securing the piston to the cylinder wall. Each of the electromagnetic cylinders consists of a coil and a ferromagnetic core integrated within the piston. When a current impulse is passed through the winding, an electromagnetic field is induced and, depending on the current direction, the cylinder moves forward or backward. This actuation principle is shown as a set of sequence diagrams in Fig. 9 . In the first step, piston P1 is fixed relative to the cylinder by activating its electrode; then, triggering the electromagnetic cylinder moves piston P2 forward. The ERF located between the ER Fluid Brake Mover Brake Shaft two pistons is then displaced backward through the channels of piston P2. A horizontal channel is added at the surface of a ferromagnetic cylinder to increase the flow rate of the fluid. In the second step, the ERF in the channels of piston P2 is activated and P2 becomes fixed to the cylinder while P1 is disconnected from the cylinder. The current in the first winding is then reversed, changing the polarization of the magnetic cylinder, pushing P1 forward relative to P2. At each cycle, the pistons move forward or backward with very small displacement (<1.5 mm). The duration of each cycle is close to a millisecond, corresponding to the response time of the ERF. The ECFS actuator can then reach a speed higher than 15 cm/s with a piston displacement equal to 0.5 mm at 3-ms cycle duration. The electromagnetic cylinder is designed to produce the same force as the resistive force of the piston inside the ERF, which is about 15 N.
MEMICA Haptic Glove and System
A haptic exoskeleton integrates the ECS elements and ECFS actuators at various joints. As shown in Fig. 10 , the actuators are placed on the back of the fingers, out of the way of grasping motions. The natural motion of the hand is then unrestricted. Also, this configuration is capable of applying an independent force (uncoupled) on each phalange to maximize the level of stiffness/force feedback that is "felt" by the operator.
Different mounting mechanisms are evaluated and some of them are schematically represented in Fig. 11 . Of these solutions, the most ergonomic seems to be the arched actuator [ Fig. 11(a) ], which has better fitting with the finger motion and geometry. Since ERF viscosity is higher than air, there is no need for tight tolerance for the ECFS piston and its cylinder. The second proposed solution uses a curved sliding rail, which is also suitable for a finger motion. The third solution uses a flexible tendon connected directly to the piston inside the cylinder where the tendon length can be adjustable to the user phalange length. Once the appropriate exoskeleton mechanism is chosen, we will prototype a complete haptic glove with 16 actuators: 3 actuators for the thumb (2 for the flexion motion and 1 for the abduction/adduction motion), 4 actuators for the index (3 for the flexion motion and 1 for the abduction/adduction motion) and 3 actuators for the three other fingers (flexion only). Figure 12 contains 3D drawings of the exoskeleton glove showing the positioning of all actuators on the fingers. For precision grasping with the thumb and the index finger where abduction/adduction motion is involved, it is necessary to integrate actuators that would resist this motion. 
ECS Element Model Derivation
In this section we present the dynamic modeling equations of an ECS element. These equations calculate the force that a human operator will feel when he/she is haptically interacting with an ECS element. The calculated force is the function of the applied voltage to the ERF, the geometry of the ECS element, and the characteristics of the ERF.
The field E is provided by an applied voltage V. Considering a Gaussian surface A of radius r and length l between the inner r i , and outer r o radii (see Fig.  9 ), Gauss's law is used to find the electric field. A charge of q is assigned to the charged core and the field is known to be in the radial direction, so that the dot product becomes the scalar product, and
where o ε is the electrical permittivity of free space. This expression for the electric field can now be used in the definition of a difference in potential, computing the difference between the inner and outer walls, V: 
Equations (3) and (4) are combined to relate the electric field directly to the applied voltage and geometry:
The force F app applied by the operator is equal to the reaction force F R he or she will feel. This reaction force is the sum of three forces: a shear force F τ , a pressure force F p , and a friction force F f . Assuming that the interface between the piston and cylinder is frictionless, the total reaction force can be computed as the sum of the remaining components.
Static Case
Since the pressure force is a result of the flow of the ERF through the channels, there will be no pressure force term for the static force. The shear force term is calculated by considering the entire surface area in contact with ERF, which is the surface area of all of the channels. Since shear stress for a given voltage is a function of radius, the shearing force acting on each channel will be the sum of a term calculated at the outer radius, a term calculated at the inner radius, and twice a term integrated with respect to the area of the side walls of the channel. The area of an inner or outer channel wall, i.e., A rw (r i ) or A rw (r o ) respectively, is the product of the channel length L and the arc subtended by the radius through the angular width of the channel θ: The area A sw of each one of the side walls is equal to the product of the channel length L and the channel width ∆r (i.e., difference in radii):
Since the contribution to the total reaction force from each channel is the same, the total reaction force-the product of shear stress and area-can be found by multiplying the contribution from one channel by the number of channels N:
The expressions of the shear stresses are calculated from Eqs. (1) and (2). Since the static case is being considered, the shear rate is zero in Eq. (1). Combining the information from Eqs. (1), (2), (8) and after mathematical processing, the following expression is obtained for the reactions force in static mode:
Dynamic Case
In order to calculate the reaction force felt by the operator when the piston is moving, the dynamic shear stress and the pressure force must be considered. First, the shear force F τ,d is calculated as in Eq. (8), replacing the subscript s with d:
Referring back to Eq. (1), we note that the shear rate is equal to the velocity gradient given by ν/∆r, with the velocity of the ERF equal in magnitude to the velocity v of the piston. Now using the expressions for dynamic yield stress and plastic viscosity from Eq. (2) in Eq. (1) 
The next step in calculating the reaction force for the dynamic case is calculating the pressure force F p,d . The pressure force can be determined by finding the pressure gradient in the channels, which is found through a force balance of a differential fluid element with some acceleration, a, equal in magnitude to the acceleration of the piston The differential fluid element is considered to have a differential mass dm, a length dx and an area A f :
The differential mass element dm can be written as a function of the density ρ:
The area of the fluid is written as
Simplifying Eq. (12) and solving for the pressure gradient, ,d
f F dp a dx NLA
The pressure force is found by multiplying the pressure drop by the piston area A p :
Where the area of the piston is given by:
So,
The total reaction force for the dynamic case will be the sum of these two forces. After mathematical manipulation,
Parametric Analysis of the Design of ECS Elements
The analytical Eqs. (9) and (19) will be used to evaluate how various geometric and input factors can influence the reaction forces felt by the user. The results from this study are very important for the design of the ECS elements. Human studies have shown that the controllable maximum force that a human finger can exert is between 40 and 50 N [Burdea, 1996] . However, maximum exertion forces create discomfort and fatigue to the human operator. Comfortable values of exertion forces are between 15% and 25% of the controllable maximum force exerted by a human finger. Hence, the design objective is to develop an ECS element that will be able to apply a maximum force of 15 N to the operator. We are primarily interested in the dependence of the reaction forces from the ECS when the following parameters are changing: voltage applied V, motion characteristics imposed by the user such as the velocity v, acceleration a, geometric characteristics of the piston such as geometry of the channel defined by the inner and outer diameters r i and r o , and the angle of the channel θ. Therefore, in our study it is desired to find the ranges for these parameters that will result in the desired maximum force output of 15 N.
The parameters related to the fluid ERF LID 3354, shown in Table 1 , were determined from the manufacturer's specifications [ER Fluids Developments Ltd., 1998 ]. The default geometric parameters of the ECS element shown in Table 2 have been determined from the dimensions of commercially available sensors and electronic equipment that will be used for measuring and actuating the device, as well as any manufacturing and machinability constraints. In the first prototype that is presented in this work (see Sec. 19.7) , no effort for miniaturization was made since the goal was to prove the concept that ERFs can be used to create haptic feedback. The default values for motion characteristics were selected based on representative values of the maximum velocities and accelerations that a human finger can develop (see Table 3 ). Voltage is the principal parameter of interest in this study since it will be used for controlling the compliance of the ERF. We calculate the maximum voltage needed for achieving a reaction force of 15 N. Setting the default values in Eqs. (9) and (19) and changing the voltage the force has been calculated and is shown in Fig. 13 . As expected, the relationship of force to voltage is linear in the static case and parabolic in the dynamic case. In the static case, a voltage of approximately 2 kV is needed to achieve the desired force of 15 N. In the dynamic case, the desired force output of 15 N is reached using 1 kV.
A similar parametric study revealed that the reaction force is almost independent of the velocity and acceleration imposed by the user. This is due to the fact that the velocity and acceleration contributions in the reaction force are much smaller than the voltage-related term.
The piston geometry is another important factor that affects the reaction force felt by the user. In the results presented in this section, the outer diameter of the piston changes from 0.012 m to 0.014 m while the voltage is equal to 1 kV. All other parameters take the default values shown in Tables 1, 2 , and 3. The calculated reaction forces are shown in Fig. 14 . It is clearly seen that, as the outer diameter increases, the reaction force decreases dramatically. On the other hand, as the outer diameter approaches the value for the channel inner diameter, the reaction forces become infinite. The thinner the piston channels are, the larger the reaction force is, hence the required voltage can be reduced.
In a similar way, the channel angle changed from 0 to 0.5 rad and the force was calculated. Under a certain minimum value of θ, the reaction force drops dramatically. Also there is a maximum limit for θ after which the reaction force is constant. Therefore, optimal values for θ are around 0.4 rad (i.e. 30 deg).
The parameters N and L affect the reaction force in a linear way. Increasing these parameters increases the force for a given voltage. However, the dimensions of the piston limit L and the values of θ limit the number of channels N. 
Experimental ECS System and Results
To test the concept of controlling stiffness with a miniature ECS element, a larger-scale test bed has been built at the Rutgers Robotics and Mechatronics Laboratory. This test bed, shown in Figs. 15 and 16, is equipped with temperature, pressure, force, and displacement sensors to monitor the ERF's state. The cylinder is mounted on a fixed stainless steel plate to maintain rigidity during normal force loading. The top plate is also stainless steel and serves as the base for the weight platform. Beneath the platform, around the stainless steel shaft, is a quick release collar that allows the force to be released by the operator. The shaft, which transmits the force down into the cylinder, is restrained to only one-dimensional motion through a linear bearing mounted to the top plate. The half-inch solid shaft is reduced by an adapter to a quarter-inch aircraft steel hollow shaft. At this junction there is a load cell and flange bracket mounted for the wiper shaft of the displacement sensor. The quarter-inch shaft inserts through the ERF chamber's top plate and a small bundt cup that is needed to minimize leaking from the chamber during operation. Within the chamber, the experimental piston is attached to the shaft with e-clips secured at the top and bottom of the piston. The chamber itself is a 1-in. internal diameter beaded Pyrex piping sleeve, 6 in. in length. Pyrex allows visual observation of the ERF during actuation. In order to apply voltage to the fluid, supply wires are run down through the hollow shaft and into the piston, where the electrical connections are made to the channel plates. Threaded into the bottom plate of the chamber is the dual pressure and temperature sensor. The final sensor is mounted alongside the chamber and affixed with a flanged bracket to the chamber.
Six system parameters are measured during experimentation: voltage, current, force, displacement, pressure and temperature. All sensor signals are interfaced directly to analog-to-digital boards located in a Pentium II PC and are processed using the Rutgers WinRec v.1 real-time control and data acquisition Windows NT-based software. In addition, all sensors are connected to digital meters located inside the interface and control box. Sensor excitation voltages are supplied by 5 V from the PC or by the meter provided with the sensor itself.
Extensive experimental tests are currently underway to determine the relationship of the reaction force to the applied voltage, human motion, temperature, and pressure changes and to verify Eqs. (9) and (19). Representative results from these tests are shown in Figs. 17(a) and (b). In Fig. 17(a) , no voltage is applied to the device. Four different weights equal to 2.75 lb, 5.50 lb, 8.25 lb, and 11 lb are placed individually on the weight platform. Each time the quick release collar is released, the piston displacement induced by the weight is recorded. A very fast descent of the piston is observed for all the weights. In Fig.  17(b) , the same procedure is followed but this time a voltage of 2 kV is applied on the ERF. It can clearly be seen that the piston is showing a very slow descent and for the lightest weight (i.e., the 2.5 lb) no motion is observed. This experiment shows that when the electrical field is enabled, the viscosity of the ERF is such that the ECS element can resist the gravity forces from the weights. 
Conclusions
Using EAPs as smart materials can enable the development of many interesting devices and methodologies. In this chapter, the authors presented the conceptual application of electrorheological fluids (ERFs) to address the need for haptic interfaces in such areas as automation, robotics, medicine, games, or sports. Using such EAP fluids, one may be able to construct a system that allows one to "feel" the environment compliance and reaction forces at remote or virtual robotic manipulators. The ability to have a human operator control a remote robot in the sense of telepresence addresses the realization that there are some tasks that can be best performed by a human but may be too hazardous for physical presence. Using a haptic interface as described in this chapter allows human operators to perform the tasks without the associated risks.
A new mechanism was described that can allow operators to sense the interaction of stiffness forces exerted on a robotic manipulator. An analytical model was reviewed and experimental data were described. A key to the new haptic interface is the so-called electrically controlled stiffness (ECS) element which has been demonstrated in a scaled-size experimental unit that proves the feasibility of the mechanism. A conceptually novel ERF-based haptic system called MEMICA that is based on such ECS elements was described in this chapter. MEMICA is intended for operations that support space, medical, underwater, virtual reality, military, and field robots performing dexterous manipulations. For medical applications, virtual procedures can be developed as simulators for training doctors, an exoskeleton system can be developed to augment the mobility of handicapped or ill persons, and remote surgery can be enabled.
